Photoresponsive supramolecular gels as intelligent non-invasive responsive materials can undergo changes in color, state, morphology and electronic properties upon photo irradiation, making them attractive for a variety of applications. Herein, a novel supramolecular hydrogelator DBE with 1,4-divinylbenzene as the central core, connected via amide linkage to l-phenylalanine and peripheral hydrophilic groups, was designed to evaluate the effect of [2 + 2] photocycloaddition reaction on supramolecular hydrogels. UV irradiation decreases the solubility of the hydrogelator DBE and hence, causes the destruction of the gel. SEM images clearly show that irradiation with UV light could induce disintegration of the right-handed helical nanofibers entangled network, which turns into nanoparticles and eventually massive crystals. Circular dichroism and vibrational circular dichroism data also indicate the formation of right-handed helical nanofibers in DBE gel. FTIR and MALDI-TOF-MS spectrum confirm that the variation of stability and aggregated morphology of DBE gel after UV irradiation is attributed to [2 + 2] cycloaddition reaction of vinyl units. This study presents a wonderful model for regulating the stability and aggregated morphology of supramolecular hydrogels via photo irradiation, as well as offers new ideas for designing novel photo responsive materials.
Introduction
In the past few decades, intelligent responsive materials have become a research hotspot in the field of material science. Supramolecular gels are excellent candidates for smart responsive materials because they can respond to a range of external stimuli, including temperature [1] , light [2, 3] , PH [4] , chemical stimulus [5, 6] , mechanical stress [7] , enzymes [8, 9] , etc. Among all these responsive supramolecular gels, photoresponsive supramolecular gels have the advantages of low price, fast response speed, and spatial selectivity [10] . Photoresponsive supramolecular gels generally refer to supramolecular gels whose structure changes under direct exposure to light, causing the formation or destruction of the gels, accompanied by functional changes. Photoresponsive supramolecular gelators usually contain a chromophore as the photoresponsive group, which can undergo photoreactions including photoisomerization, photodimerization, photopolymerization, photocleavage, and ring opening/closing reaction [10] . Responses to light stimuli can induce a variety of changes including material color, state (gel-to-sol/gel-togel transitions), morphology and electronic properties [10] , thus making photoresponsive supramolecular gels particularly attractive for applications in advance drug delivery system [11] , tissue engineering [12] , 3D photopattern [13] , logic gates [14] , optical switches [15] .
Photodimerization is a kind of useful bimolecular photoreaction, where covalent bonds are formed between two of Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s4276 5-019-00014 -x) contains supplementary material, which is available to authorized users. the same molecules upon irradiation with light when they are close enough or in the right orientation [10] . At present, [2 + 2] photodimerizations are among the most extensively studied organic solid-state reactions [16] , but there are a few reports on the effect of [2 + 2] photocycloaddition reaction on supramolecular gels. For example, Liu et al. [17] reported photo-sensitive cinnamic acid conjugated glutamides (L/D-CG), which could self-assemble into superhelix in methanol and then switched into nanokebab upon UV irradiation. In the gelled state, the molecules are close enough to each other due to noncovalent bonding/π-π stacking, making it much easier for dimerization to occur than in solution. Dimerization of the gelator molecules often results in a decrease of solubility as the molecule doubles in size, leading to the destruction of the gel network or decrease in rheological properties [10] . However, regulating the stability and morphology of supramolecular hydrogels with simple molecular structure are still being pursued. Herein we designed a C 2 -symmetric chiral supramolecular hydrogelator DBE, shown in Scheme 1, hypothesizing that incorporating vinyl groups into a LMWG would allow dimerization within the self-assembled fibers. The LMWG is similar to the many other C 2 -symmetric chiral supramolecular hydrogelators reported by our group [18] , based on the backbone of benzene ring and l-phenylalanine derivative, in which the vinyl groups are covalently linked to the central benzene core and amide. We noted that by incorporating two vinyl groups onto the LMWG, [2 + 2] cycloadditions between the vinyls can be carried out upon 365 nm UV light irradiation. This topochemical reaction in the gel arises from Scheme 1 Molecular structure of the gelator DBE and schematic illustration of possible stacking in the gel before and after irradiation with UV light; DBE can form supramolecular hydrogels and undergo photodimerization upon UV irradiation, leading to the disintegration of the right-handed helical nanofiber entangled gel network the dimerization of both vinyl units, which ultimately results in the destruction of the gel network due to disruption of fibers and the formation of an insoluble network. Herein, using a photosensitive l-phenylalanine derivative (DBE), which could be dimerized upon UV irradiation, we have successfully regulated the stability and morphology of supramolecular hydrogels. This research will go a long way to enrich the intelligent photo-responsive materials system, opening up possibilities for potential applications.
Experimental Section
The LMWG DBE was synthesized by a six-step synthesis process (Supporting Information Figure S1 ), the chemical structure of which was characterized by 1 H NMR, 13 The p-phenylenediacrylic acid was prepared following procedure from literature with an 82% yield. A small amount of monoacrylic acid was removed from the resulting white solid by extracting with CHCl 3 [19] , followed by further refluxing with SOCl 2 until the reactants disappeared completely, affording p-phenylenediacryloyl chloride with a yield of 92% [20] . The preparation of the hydrogelator DBE started with the synthesis of previously reported NH 2 -PheDGA·XTFA [18] , which was then coupled with p-phenylenediacryloyl chloride to obtain DBE with a yield of 73%.
Hydrogels were prepared via dissolving the gelator in deionized water, followed by heating-cooling method, and the formation of stable self-supporting white gels formed at a gelator concentration of 3.5 mg mL −1 was confirmed by the inversion test tube (Supporting Information Figure S3 ).
Results and Discussion

Morphology Changes of DBE Hydrogel upon UV Irradiation
Scanning electron microscopy (SEM) was employed to characterize the morphology of the self-assembled airdried xerogel films, which showed that the DBE hydrogel resulted from a random entangled network of right-handed helical fibers (Fig. 1a ) of micrometers in length and tens of nanometers in width (with an average diameter of 65 nm). After irradiation with UV light at various time intervals, disruption of the gel network was observed. With time, the disintegration of the fiber network gradually intensified, and less defined structures were observed (Fig. 1b) . After exposure to UV light for about 3 h (Fig. 1d ), some nanoparticles emerged at the expense of the nanofibers, which distributed more evenly after irradiation for two more hours (Fig. 1e ). These nanoparticles aggregated into micron-scale regular square crystal particles under further irradiation (Fig. 1f) . That is presumably owing to directivity caused by the [2 + 2] photocycloaddition of olefins, as the molecules undergo parallel arrangement through covalent bonding, which will be discussed further below.
CD and VCD Spectra of DBE Hydrogel
The CD spectra of DBE hydrogels (3.5 mg mL −1 ) before and after UV light irradiation were recorded, as shown in Fig. 2a . Before irradiation, as shown by the black line, positive Cotton effects were observed at 215.5 and 321 nm, the former of which can be assigned to amide group, in correspondence with literatures [21, 22] , while negative Cotton effects were noticed at 204, 285.5 and 355 nm. It is noteworthy that the obvious Cotton effects show a spiral twist tendency of the assembled aggregation. In comparison, upon subsequent irradiation with 365 nm UV light, a flat line was recorded, as shown by the red line. The disappearance of the above cotton effects is believed to be related to the disruption of the spiral structures as a result of photodimerization, consistent with the precipitate state of DBE in water.
In the VCD spectrum (Fig. 2b) , a strong couplet around 1700 cm −1 was assigned to the stretching vibration of C=O bonds [23] . The peak due to the stretching vibration of amide I around 1650 cm −1 suggests the presence of extensive hydrogen bonds (C=O···HN), which stabilized the supramolecular hydrogel significantly [18] . The couplet shows a negative to positive (∓) signs from low to high wavenumber indicating a right-handed helicity of the nanofibers, consistent with the SEM image [18] .
UV-Vis Spectra of DBE Hydrogel upon UV Irradiation
The UV/Vis spectra of DBE (3.5 mg mL −1 ) after irradiation at 365 nm for variable time periods ranging from 0 min to overnight is shown in Fig. 3b . The intensity of the peak absorption band at 323 nm decreased rapidly by 30% upon irradiation for 30 min, and further irradiation resulted in a progressive decrease. As we can see from the variation of the spectra, prolonging the time under UV exposure after 3 h resulted in slight changes in the UV spectra as the gel network of DBE hydrogel had almost been disrupted. We also recorded the UV/Vis spectra of DBE (0.01 mg mL −1 ) in ethanol and water from individual monomeric state to aggregated sate. DBE showed a broad band at 319 nm in methanol, which was redshifted to 323 nm upon changing the solvent to water (Fig. 3a) . This redshift clearly indicates the J-type aggregation [24] , in other words, head-to-tail-type parallel layer formation pattern of DBE.
FT-IR Spectra of DBE Hydrogel upon UV Irradiation
In order to elucidate the difference in the formation mechanism of the nanostructures of DBE hydrogel after UV light irradiation for different periods, FTIR measurement was employed. In the FTIR spectra shown in Fig. 4 , the main absorption bands were observed at υ = 3445/3288, 1650/1622, and 1544 cm −1 , which originated from υ N-H (amide A), amide υ C=O (amide I), and υ N-H (amide II) vibrations, respectively [25, 26] . The band regions indicated that an H-bond was formed between the amide groups. Besides, vibrations appeared at υ = 2920 and 2860 cm −1 , showing the ordered packing of the alkyl chains [26] .
Comparing the FTIR spectra of DBE before and after irradiation, two new features were observed. By prolonging the time of irradiation, the absorption intensities were Fig. 2 a CD spectra of the DBE before and after irradiation, hydrogels were obtained by using a 0.1 mm quartz cuvette with a total gelator concentration of 2.0 mg mL −1 (with 3% DMSO in water); b VCD spectrum of the DBE xerogel before irradiation gradually diminished (progressively decreased), especially the corresponding signals at 3288 and 1622 cm −1 due to intermolecular H bonding between the amide groups [26] . A decrease was also found at υ = 973 cm −1 of the transvinylene C-H out-of-plane deformation [26] , indicating [2 + 2] cycloaddition reaction of the alkene [27] , which suggested the formation of cyclobutane structure in the gel. This topochemical reaction was further proved by the appearance of bending vibration of the saturated C-H of the cyclobutane at υ = 1441 cm −1 [28] . Thus, there were two proofs for the occurrence of the [2 + 2] cycloaddition reaction provided by the FTIR spectra: loss of the transvinylene C=C bond and the appearance of cyclobutene.
EI-MS and MALDI-TOF-MS Spectra of DBE Hydrogel upon UV Irradiation
The evidence for the existence of the dimer was further provided by the EI-MS spectrum (Fig. 5a ) and the MALDI-TOF-MS spectra ( Fig. 5b-d) . The EI-MS spectrum of hydrogelator DBE before photoirradiation clearly showed a peak at m/z 687.3390, which is consistent with the molecular weight of DBE monomer ([MH+], Calc.(calculation) Mass 687.3394). The MALDI-TOF-MS spectrum of hydrogelator DBE after photoirradiation for 1 h (Fig. 5b) showed another peak at m/z 1373.6682, which exactly corresponds to the dimer of DBE. With the prolonged exposure to UV light, peaks represent trimer at m/z 2061.0085 or 2061.0221 and the tetramer m/z 2747.3458 appeared, and their proportion increased correspondingly.
Conclusions
In summary, we synthesized a new kind of C 2 -symmetric l-phenylalanine-based chiral hydrogelator with photoresponsive vinyl groups, which can form supramolecular hydrogels and photodimerize upon UV irradiation at 365 nm. UV irradiation led to the disintegration of the right-handed helical nanofiber entangled gel network to nanoparticles, and eventually massive crystals, resulting in a gel-sol transition, which was confirmed to be caused by the photo-triggered [2 + 2] cycloaddition across olefins. Hence, regulation of the stability and morphology of supramolecular hydrogels with simple molecular structure has been successfully achieved. This research will go a long way to enrich the intelligent photo-responsive materials system, which could be of interest for various applications such as the controlled release of 
